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Figure 1: Concept for the Moon Diver Mission.

Abstract—When the Apollo astronauts collected samples from
Tranquility Base in 1969, they provided an unprecedented
window into the processes that shaped the Moon. Ever since, the
Moon has served as a “keystone” for understanding planetary
geological processes throughout the Solar System. Like all
samples that have been returned from the Moon, the Apollo 11
samples were collected from the lunar regolith, a layer of
jumbled and pulverized rocks that blankets and obscures the
Moon’s bedrock geology. When geologists reconstruct the
history of the Moon, these samples are like scattered puzzle
pieces, each representing important information, but removed
from the context of their formation and isolated from the bigger
picture of how the Moon’s crust was formed.

The goal of Moon Diver is to return to Mare Tranquillitatis,
taking advantage of the discovery of a natural pit cave entrance
exposing a deep cross-section through both the lunar regolith as
well as tens of meters of bedrock lava layers. Collecting
information on the chemistry, mineralogy, and morphology of
these intact bedrock layers would allow us to investigate where
rocky crusts come from, how they are emplaced, and the process
by which they are transformed into the regolith layer that we
see from space. In doing so, the mission would combine the deep
knowledge gained by Apollo with the unprecedented in situ
access to secondary crust granted by the lunar mare pit to
understand these fundamental processes on the Moon, and to
use this knowledge as a keystone for understanding the same
processes across the Solar System.

The success of the Moon Diver concept hinges on accessing the
subsurface. The existence of the mare pit provides a cross-
section through the lunar maria. Access to the record exposed
in the wall of this pit is provided by two critical space
technologies: pinpoint landing (allowing the delivery of the
payload close to the pit) and extreme terrain mobility (allowing
the delivery of capable instruments to the cliff wall). Pinpoint
landing is a closed-loop guidance and navigation capability that
repeatedly matches visual features from a downward-facing
camera to a priori acquired terrain maps. This body-relative
navigation is then used with closed-loop control to guide the
spacecraft toward its landing target, yielding a tight landing
ellipse. Once on the surface, an extreme-terrain robotic
explorer, called Axel, would egress from the lander and traverse
tens of meters to the pit. The lander provides mechanical
support, power and communication to the rover through its
umbilical tether. Anchored to the lander, the two-wheeled, tail-
dragger rover would pay out its tether as it traverses toward the
pit. With the aid of its 300-meter tether, the rover can traverse

Figure 2: The primary and secondary crusts of the
Moon. Mare Tranquillitatis is an example of a
classic secondary crust composed of low-viscosity
flood basalts.

the steep slopes of the pit funnel and rappel its vertical walls.
The rover carries a surface preparation tool together with a
suite of three instrument types: (a) a trio of high-resolution
cameras (Mars 2020’s EECAMs) for acquiring context images
of the near and far walls with the near-wall pair in a stereoscopic
configuration, (b) an alpha-particle-X-ray Spectrometer
(MSL’s APXS) for elemental composition, and (¢) a multi-
spectral microscopic imager (MMI) that uses controlled lighting
for minerology. The surface-preparation tool removes dust and
patina that may be present on the rock wall by grinding a small
area. The surface-preparation tool, the MMI and the APXS
would be deployed from their instrument bays in one of the
wheel wells. The rover would independently point each of its
instruments at the same target of interest on the wall with
millimeter-level repeatability. Confidence in the technologies of
pinpoint landing and extreme-terrain access is based on
helicopter testing of terrain-relative navigation and field testing
of extreme terrain mobility respectively. The latter was tested
using Axel rover prototypes with integrated science instruments
at multiple terrestrial analog sites including a basaltic pit in
Arizona.

Landing shortly after sunrise, the surface mission timeline is
just shy of a lunar day (14 Earth days). Upon landing, the rover
would egress from the lander, traverse toward the pit, descend
along the pit funnel and rappel down its wall. Throughout its
traverse, the rover would acquire multiple measurements of
both regolith and mare layers. After descending to the bottom
of the layers, the rover will reach a significant overhang. This
void space may open into a large cave or lava tube, which could
someday provide a protected location for a lunar base. For these
reasons, lunar pits provide an exciting new target for lunar
exploration.

The information presented about the Moon Diver mission concept is pre-
decisional and is provided for planning and discussion purposes only.
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1. INTRODUCTION
Background

Subsequent to the chaos of accretion and differentiation, the
rocky bodies started to evolve, primarily through the
formation of “secondary” crusts composed of volcanic
material [1][2]. Vast volcanic outpourings served both to
resurface the planets and to advect heat from the interior.
Secondary crusts are the most common type of crust in the
Solar System [3]. On Earth, parts of the secondary crust have
been recycled by plate tectonics, eventually forming a
“tertiary crust” composed of evolved, continental materials
[1]. On Mars, Venus, and Vesta, the basaltic secondary crust
still dominates the body, serving as the canvas upon which all
of the other geological processes take place [1]. The Moon is
unusual in that it retains both its primary and secondary
crusts: the lunar highlands and maria, respectively (Figure 2).
The Moon is an ideal place to study secondary crust
formation because its crust is well preserved, it has been

Figure 3: The Mare Tranquillitatis Pit at (8.335°
N, 33.222° E). Credit: NASA LROC NAC
M126710873R (0.5 m/pixel resolution)

subject to relatively few confounding geological processes
(for example, water or wind), and the surface is relatively
accessible (compared to Venus or Mercury) [4][5][6][7].
Until recently, however, a more complete understanding of
the Moon’s secondary crust was hampered by the near-
ubiquity of the lunar regolith, which prevented the direct
examination of in-place bedrock stratigraphy. However, the
discovery of lunar pits by the JAXA SELENE/Kaguya
mission [8] and subsequent observations by NASA’s Lunar
Reconnaissance Orbiter [9][10] revealed tens of meters of
pristine, bedrock stratigraphy, offering a unique opportunity
to directly access the basaltic layers.

Overarching Science

The goal of the Moon Diver mission concept is to better
understand the fundamental process of secondary crust
formation by studying the origins, emplacement processes,
and evolution of the Moon’s secondary crust (the lunar
maria).

Enabling Capabilities

Pinpoint landing and the Axel extreme terrain rover would
enable the Moon Diver mission concept. After the spacecraft
lands within less 100 m from the edge of the pit, the Axel
rover traverses and ingresses into the pit, acquiring
measurements along its near-vertical wall. The Jet Propulsion
Laboratory has been developing both capabilities for several
years.

The vision-based capability for pinpoint landing uses terrain-
relative navigation to repeatedly match visual features from a
downward-facing camera to an a priori terrain map. This
navigation information is used to guide the spacecraft toward
its landing target, for a tight landing ellipse.

Once on the surface, the Axel extreme-terrain robotic
explorer would egress from the lander. Axel is a two-
wheeled tail-dragger with a tether that is anchored to the
lander. It carries hundreds of meters of tether that it pays out
as the rover traverses away from the lander. With the aid of
the tether, the rover can rappel down steep slopes using the
same principle of motion as a yo-yo. The rover carries two
large hubs covered by the wheels, which can house three to
four instruments each. By coordinating its four actuators
(wheels, tail and spool), the rover is capable of pointing its
instruments with more than adequate repeatability while
supported by the tether. The lander provides mechanical
support, power and communication to the rover through its
tether. The 50 kg Axel rover prototype has clocked over a
kilometer of mobility in field tests in California and Arizona
and has traversed near vertical slopes.

Surface Mission

The mission timeline is one lunar day (14 Earth days) for
rappelling and acquiring context imagery along a transect and
its opposing wall, collecting microscopic imagery under
controlled lighting for minerology, and acquiring Alpha-



particle-X-ray spectroscopy for elemental composition. The
instruments as well as a surface preparation tool would be
deployed from the instrument bays.

Lunar mare pits may open into deep subsurface void spaces
or lava tubes. The Tranquillitatis pit opens onto a void that
extends back under the surface a minimum of 25 m [10]. In
addition to their scientific interest, lunar caves could provide
a favorable geometry for a lunar base, as they would be
naturally protected from radiation, micrometeorites, and
temperature swings. The Moon Diver mission would enable
us to peer into the void and assess the feasibility of such an
architecture. In this way, Moon Diver helps us understand the
Moon’s past while preparing for its future.

2. SCIENCE DESTINATION
Why Lunar Pits?

The key advantage sought by Moon Diver is access—
unprecedented access to a stratigraphic section all the way
through the regolith and to a sequence of unique bedrock lava
layers. The Moon provides the best environment for this
study because it offers classic examples of both regolith and
lava layers in an environment that is protected from
competing geologic processes such as tectonic activity, wind
and water erosion.

Lunar pits are ideal because they provide access to layers; but
they are not the only location where layers are exposed on the
Moon. Other layered sequences have been discovered by the
Lunar Reconnaissance Orbiter Camera (LROC) in the walls
of large craters. While also scientifically interesting, these
exposures are less desirable because the impact process may
shock, break, or even occasionally invert these layered
sequences. The effects of the impact process would have to
be understood and removed in order to understand the
sequence that they expose. Lunar pits, on the other hand, form
via collapse [10]. In this case, layers of lava are deposited
over a lava tube or fissure. As the lava tube roof progressively
collapses (or the fissure widens), material cascades into the
void, causing a collapsed pit. This process has been observed
on Earth [12] and the layers in the wall of the pit are preserved
precisely as they were during their emplacement.

Why Mare Tranquillitatis?

After the initial discovery of the lunar mare pits by JAXA’s
Terrain Camera on SELENE (6 m/pixel), ten lunar pits were
discovered by LROC [9][10], including seven in the nearside
mare deposits, two in the highlands, and one on the far side
in Mare Ingenii. The lunar pit in Mare Tranquillitatis is an
especially tantalizing target: sitting above one of the largest
confirmed void spaces, it also exposes one of the largest
vertical extents of layers of the mare pits. Critically, it is
located on the boundary between two distinct Tranquillitatis
lava types that have been correlated with samples collected
by the astronauts on Apollo 11[13]. This means that when the
Moon Diver payload identifies a lava in cross-section at the

Tranquillitatis pit, 50 years’ worth of Apollo analyses can
immediately be leveraged.

3. SCIENCE INVESTIGATION

Understanding Secondary Crust Formation and
Evolution

In order to understand secondary crusts, we must understand
three separate processes: first, where the magma that forms
the crusts comes from; second, how it is emplaced onto the
surface, and third, how this crust is subsequently changed by
other processes (i.e. regolith formation, affecting our ability
to interpret it from orbit).

Moon Diver’s goals and objectives are as follows:

Goal 1: Interior Composition: probe the interior of a
terrestrial planetary body by determining the composition of
one of its primary magmas.

- Science Objective 1: Determine the composition of the
source of the mare basalts at Tranquillitatis.

In order to properly interpret a volcanic deposit, one must be
able to separate the influences of its three stages: generation,
ascent, and eruption [2] [4]. For example, to accurately assess
the composition of a volcanic source, the ideal sample to
measure is one that rapidly transited through the crust without
stopping, and then chilled immediately to a glass upon
erupting before any of its components had a chance to
separate. This lava would represent a “primary” composition
[14]. More commonly, a lava will experience some fractional
crystallization either on the way up or as it flows on the
surface. To get the primary lava composition, we have to
average all of the “derived” compositions that we see in the
final rock (e.g. crystals that solidified first and a surrounding
matrix that solidified later). Abundances of key elements can
reveal whether the lava was contaminated by crustal material
as it ascended, whether it melted early or late in the history
of the magma source, and many other facets of lunar
petrology.

When the Apollo astronauts collected samples on the Moon,
they were collecting loose fragments from the regolith. They
could not be sure whether they were collecting samples that
were representative of primary magmas or rather
differentiated lava from the same flow, because they could
not see the rest of the flow that the sample came from;
whether it ascended quickly or slowly, or whether it
differentiated as it cooled in place. By accessing exposed
stratigraphy of a sequence of lavas and studying them exactly
as they looked when they cooled, the Moon Diver mission
can understand the lava emplacement process and how it
affects the estimation of the composition of the Moon’s
primary magmas.

Goal 2: Emplacement Process: understand emplacement
regime of a planetary flood basalt.



- Science Objective 2: Determine whether basalts were
emplaced catastrophically in turbulent flows or
incrementally in smaller but more numerous inflated

flows.

Secondary crusts are made mostly of basaltic lava, which
forms when the primitive interior of a planet is partially
melted [1][2]. On terrestrial bodies such as Venus, Mars, the
Moon, and Mercury, the secondary crusts can be dominated
by particularly extreme eruptions known as “flood basalts”.
This type of eruption is characterized by voluminous
outpourings of low viscosity lavas that form vast flat plains.
Meandering channels called “sinuous rilles” and extremely
long lava flows imply that flood basalts could have been
emplaced in a turbulent rather than a laminar regime on the
Moon in contrast to modern flood basalts on the Earth [15].
Flood basalts are important because they are the primary way
that planetary bodies are resurfaced (by area). Since they
represent large amounts of lava and gas extruded over
geologically short periods, they can also have profound
effects on a planet’s atmosphere (even potentially giving the
Moon an atmosphere for tens of millions of years [16]).
While there has not been a flood basalt eruption on the Earth
during human history, these volcanic events have been linked
to massive climate perturbations, including the largest
extinction event in Earth history (e.g. [17]). For these reasons,
studies of the range of effusion rates and mode of
emplacement for terrestrial flood basalts is a mainstay of
modern volcanology. However, because of the lack of cross-
sectional data for other planets, the effusion rate of
extraterrestrial basalts remains unknown to several orders of
magnitude, and their effects on their ancient atmospheres
remain difficult to estimate [18][19]. Fundamental
knowledge gained by studying the representative, classic, and
well-preserved flood basalts of Mare Tranquillitatis on the
Moon would advance our knowledge and understanding of
the process of flood basalts emplacement throughout the
Solar System.

Goal 3: Regolith Formation: understand how regolith
develops from rock on an airless body.

- Science Objective 3: Determine the extent to which the
regolith is representative of the underlying bedrock as
opposed to exogenous or allochthonous components.

- Science Objective 4: Determine the nature of the
transition from regolith to bedrock

The samples that we have from the Moon as well as
most of our remote sensing data come from the uppermost
layer of regolith. The process of regolith formation and space
weathering is common among the majority of the airless
bodies in the Solar System. In this way, the Moon has long
served as our primary source of information about regolith
formation processes and how observations of the regolith can
be translated into understanding of the crusts beneath. Moon
Diver offers the first opportunity to transit through the
regolith layer on any planetary body, directly measuring

differences in composition and grainsize distribution with
depth, and understanding how the regolith changes as we
approach the interface with the underlying bedrock. This
investigation would inform models of lunar regolith
formation, and provide a keystone for understanding regolith
processes on other airless bodies such as Mercury, asteroids,
and many outer Solar System moons.

Measurements

Science Objective 1: Determine the composition of the source
of the mare basalts at Tranquillitatis.

Three types of measurements are required to achieve this
science objective: (1) images of the basalts, showing whether
they are glassy or crystalline, and how the basalt varies from
top to bottom (i.e., the missing context); (2) a measurement
of the mineralogy of the basalt, which tells us about the
temperature and pressure conditions present during
crystallization; and (3) a measurement of the elemental
chemistry of the basalts, including different mineral phases
and how lavas in the section are different from one another.

Science Objective 2: Determine whether basalts were
emplaced  catastrophically in turbulent flows or
incrementally in smaller but more numerous inflated flows.

Eight measurements are required to achieve this science
objective: (1) the elemental and (2) mineralogical
composition of the basalts, as above (to estimate their density
and rheology); (3) images of their vesicle and crystal
distributions (which also affects their viscosity), (4) images
of the lavas from a distant vantage point to measure their
thicknesses; (5) images used to distinguish their flow
morphologies (which are proxies for their effusion rates); (6)
small-scale flow textures and (7) rheological indicators (e.g.
sheared vesicles); and finally, (8) the presence or absence of
paleo-regolith layers, which would indicate a long hiatus in
lava effusion.

Science Objective 3: Determine the extent to which the
regolith is representative of the underlying bedrock as
opposed to exogenous or allochthonous components.

Science Objective 4: Determine the nature of the transition
Jfrom regolith to bedrock.

Five measurements are required to achieve objectives 3 and
4: (1) the chemical and (2) mineralogical composition of the
regolith vs. depth and compared to the underlying basalts; (3)
the presence and frequency of layers and the approximate size
distribution in the grains that compose them, (4) the
frequency of large grains and rocks mixed into the regolith
with depth; and finally, (5) the frequency and orientation of
fractures in the basalts (all provided by micro and context
imaging).

Moon Diver achieves these measurements with a simple
payload consisting of three context imagers (a stereo pair for
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Figure 4: Size ranges of lunar microscope targets.
With a resolution of 18 pm/pixel, targets are
recognizable above 72 pm (four pixels) and their
shape can be characterized above 180 pm (ten pixels).

the near wall of the pit and one camera to image the far wall
of the pit); a multi-spectral micro-imager that spatially
resolves small-scale crystals, vesicles, flow features, and
regolith particles and spectrally resolves mineral signatures;
and an alpha particle X-ray spectrometer, that measures
absolute elemental abundances. This payload is described in
detail below.

4. INSTRUMENT PAYLOAD
Context Imagers

The trio context cameras will be a re-fly of the Enhanced
Engineering Cameras (EECAMs) currently being developed
for the Mars 2020 missions [20]. They would be used as part
of the baseline science payload to help understand the
geomorphological context as well as serve engineering
purposes: perceiving the environment, creating 3D
topographic maps, assessing the terrain for mobility and
guiding the rover through ground commands. The EECAMs
are 20 mega-pixel cameras with color provided via an RGB
Bayer filter pattern built directly on to the detector. Two of
the cameras would be mounted on one side of the rover in a
stereoscopic configuration and the third on the other side.
The stereo cameras form a wide-angle FOV that is optimized
for near viewing. While descending the pit wall, these
cameras provide a resolution of ~0.1 mm/pixel and a full
frame of 5120x3840 pixels. We would use these cameras to
identify lava crusts and morphologies, which permits the
determination between lava types, and to identify priority
measurement spots for the other instruments. The third
camera is optimized for distant viewing, with a narrower
FOV. This camera is designed to image the far wall of the pit
at a resolution of 4 cm/pix (with the same full frame size) or
better in order to measure the number and thickness of the
lava layers.

Alpha-particle X-ray Spectrometer

The APXS is a TRL 9 instrument that has previously been
flown on four Mars missions [21]. It uses a Cm*** source to

irradiate a target with X-rays and alpha particles, resulting in
the production of characteristic X-rays through X-ray
fluorescence and particle-induced X-ray emission processes
to quantify specific elements (Na, Mg, Al, Si, P, S, Cl, K, Ca,
Ti, Cr, Mn, Fe, Ni, Zn, Br, Rb, Sr, Y) [22]. The APXS spot
size is 1.7 cm, and the integration time ranges from 15
minutes to approximately three hours, depending on the
signal-to-noise ratio required for an individual measurement
[23]. The bulk composition of the surface of a target can be
inferred from APXS energy spectra, however, some
uncertainty in the inferred composition of APXS energy
spectra must be considered due to the averaging of particles
or crystals of heterogeneous composition over the 1.7-cm
spot size.

Multi-Spectral Microscopic Imager

The multispectral microscopic imager (MMI), serves a dual
purpose as a microscope and a multi-spectral imager [24].
The MMI has a resolution of 18 pm/pixel, allowing us to
spatially resolve a variety of small lunar features, including
pyroclastic beads, agglutinates, regolith particles, vesicles,
and phenocrysts. To identify minerals, the instrument shines
a suite of LEDs from 0.43-2.34 pum and records the
reflectance of the surface with a broadband mercury
cadmium telluride detector.

Surface Preparation Tool

The surface preparation tool provides a means to clear dust
from surfaces as well as grind the targets of interest to remove
the weathering patina. Removing dust will disambiguate the
chemical composition and mineralogy of the regolith
(composed of dust) from that of the target lava layers beneath.
By pitching the body of the Axel rover, the grinder tool would
create a relatively flat surface with a small area, which would
reduce the time required to acquire measurements by the
MM]I, thus avoiding a large stack of images at multiple
depths.

5. TARGET ENVIRONMENT
Mare Tranquillitatis

Located at 8.335° N, 33.222° E, the Mare Tranquillitatis pit
(Figure 5) has been observed from several orbiting
spacecraft. First discovered by the Terrain Camera (TC) on
JAXA's SELENE spacecraft, this camera provided images at
a 6 m/pixel resolution compared to the M® (Moon Mineralogy
Mapper’s) 70 m/pixel images. As of this writing, the highest
resolution images of Mare Tranquillitatis are from the
Narrow-Angle Camera (NAC) [9] aboard the Lunar
Reconnaissance Orbiter (LRO) mission with a resolution of
0.5 m/pixel. Thermal images of this pit also exist from the
LRO Diviner Lunar Radiometer Experiment, albeit at a low
resolution of 200 m/pixel. The Mare Tranquillitatis pit has a
diameter that ranges from 88—100 m, a depth that may exceed
107 m, and a wall height of about 75 m.
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Topography

To understand the accessibility of the pit wall from a
rappelling rover, first we need to reconstruct the highest
resolution topography possible from all available orbital
imagery. Second, we need to register the resultant dense 3D
point cloud reconstruction to the local gravity vector to
understand the global and local wall angles. A global wall
angle of less than vertical (very steep but not overhung)
allows for multiple wall contacts during rappelling, while a
slightly overhung wall could separate the rover from the wall
by several meters allowing only remote measurements
including stereoscopic context imagery.

Both photogrammetry and photoclinometry techniques can
be used to reconstruct the 3D wall topography. Here we will
focus on the former but work is ongoing to further refine our
topographic models. Generating the wall topography requires
dense matching of features across multiple NAC images. For
photogrammetric matching, the images that will be correlated
need to have a proximal solar incidence angle to maintain a
similar illumination and appearance and the wall must be
illuminated. Moreover, the orbiter’s trajectory has to be far
enough to the side of the pit to obtain an oblique view of the
nearly vertical wall. To date, the imagery that allows us to
recover the pit wall topography is somewhat limited.

Figure 6: 3D reconstruction of pit wall topography
using manually-matched features (top) (see citation
[25]) and densely matched features (bottom)
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Figure 6 (top) shows the reconstruction of the east wall by
manually correlating points in a single pair of images [25].
Figure 6 (bottom) shows the reconstruction of the surface and
pit walls (east and west) using automated dense stereo-
matching algorithms. The dense reconstruction was
generated from eleven LROC NAC images. To improve the
fidelity of the 3D model, image information was used to
correct both timing information and spacecraft attitude using
bundle adjustment techniques. Reconstructing the west pit
wall was particularly challenging due to the availability of
only two NAC images, which were acquired at highly
varying imaging geometries. A custom stereo matching
algorithm was developed to handle images from two different
vantage points.

Figure 7 shows a cross section of the north-west wall, where
a rappelling rover would be in contact with nearly all the
visible layers. This preliminary result is promising and
shows sufficient contact with the multiple wall layers for the
contact measurements. Future work will investigate the

uncertainty associated with these reconstructed surfaces and
modeling the interaction between the rover and the wall, in
particular, when transitioning between contact and free
hanging. We will use both field experiments and dynamic
simulations to inform our investigation.

Thermal

Understanding the thermal environment surrounding the pit
is critical for the design of the thermal system for the rover
(Figure 8). Close to the pit, the variations in temperature are
complex and require detailed 3D thermal modeling. Figure
10 shows temperature variations across the diurnal cycle
along different wall transects along the cardinal directions.
With an east-west sun trajectory with an ~8° inclination, the
south-most wall is permanently shadowed. The models show
that both the south and north walls have a more tempered
temperature rise/fall when compared to the east and west
walls. The peak temperatures of the east/west walls are
expected to be 2540 K higher than the north/south walls
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Figure 10: Temperature variations across diurnal
cycles along north, east, south and west transects.

respectively, making the north/south walls more attractive
targets from a thermal standpoint. However, the north/south
walls have limited imagery and hence 3D topographic data.
Data of the north wall is poorly resolved and no data is
available for the south wall since it is permanently shadowed.
Only portions of the north wall are visible from LRO’s polar
orbit.

Figure 8 shows the temperatures of the pit surrounding and
the pit walls assuming regolith properties for both surfaces,
across a lunar day. Temperatures of the surface surrounding
the pit reaches ~385 K, while the pit wall and floor can reach
~410 K. Figure 9 compares the surface temperatures of
regolith vs. basaltic pits. Modelling the pit wall using basalt
rock properties reduces the peak temperature by 35-40 K
when compared to pit wall surface made with regolith
properties. Efforts to use different surface properties for the
pit surrounding, pit wall and pit floor are ongoing. We expect
that the basalt model of the pit wall to be more representative
of what we would encounter. Due to the east-west solar
motion, the west wall is hotter in the lunar morning and the
east wall is hotter in the lunar afternoon, both caused by a low

solar incidence angle. Past noon lunar time, the pit edge casts
a shadow along the west wall dropping its overall
temperature.

While a specific landing target surrounding the pit has not yet
been selected, landing west, north-west, or south west of the
pit would offer several benefits. First, given that a portion of
the lunar morning will be consumed by landing the craft,
post-landing checkouts and deployments, stowed-rover
checkout, rover egress, and site reconnaissance, the west wall
would be cooler in the afternoon. Any contingency or delay
in reaching the pit wall will continue to reduce the peak
temperatures on the wall. Other benefits to landing west of
the pit and driving eastwards toward the west wall include
self-shadows that remain behind the rover as it approaches
the pit, thus reducing the complexity of shadows in images.
Should orbital imagery of the north wall become available
from LRO, that will further relax the thermal requirements
and open up approaches from the north of the pit.

6. GETTING TO THE LUNAR PIT
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Figure 11: An example of a low-energy trajectory
that could be used by Moon Diver, which includes
a lunar flyby and a single deep-space maneuver.

If the Moon Diver Discovery proposal is awarded, it could
launch on an Intermediate Low-performance class vehicle,
such as an Atlas V 401, as early as 2025. The Lockheed
Martin lander design is based on the successful Mars Phoenix
and InSight landers, the designs developed for the MoonRise
lunar lander proposed to New Frontiers, and the McCandless
lander awarded recently under NASA’s Commercial Lunar
Payload Services (CLPS) program [26]. The lander stack
consists of a solid rocket motor, the lunar lander, and the Axel
rover that carries the science instruments. The stack would be
inserted into a 130-day low-energy transfer to the Moon,
which includes a lunar flyby and a single deep-space
maneuver, leading to a planned arrival and landing later that
year. Figure 11 shows an example of a Moon Diver reference
trajectory in a Sun-Earth rotating frame. Using a low-energy



trajectory, the launch window has very few constraints, and
the mission would be unaffected by selection for a later
launch date.

The trajectory is designed to deliver the lander stack to a lunar
arrival interface point located approximately 120 km to the
north of the landing site in the Mare Tranquillitatis. The
trajectory is designed for an early lunar morning arrival to
maximize the lunar daylight hours for the surface mission,
while at the same time allowing for sufficiently favorable
illumination of the landing site during landing.

Approach, Descent and Landing

The Moon Diver mission requires pinpoint landing at a target
landing site adjacent to the pit in order to enable access by a
rover that remains tethered to the lander. The lander serves
as the mechanical anchor to the rover, supplies it with power
and serves as a communication relay between the rover and
the ground through its link with the Deep Space Network.

To achieve a landing ellipse of less than 100 m, the
descending spacecraft would employ terrain-relative
navigation (TRN), whereby the lander compares images
taken during the landing sequence with maps of the landing
site stored onboard (constructed from images taken by
orbiting assets such as Lunar Reconnaissance Orbiter) to
establish its current position and chart a course to the landing
site. The technologies to accomplish TRN for pinpoint
landing on the Moon have been in development for several
years and have been validated in a number of terrestrial flight
tests. Moreover, the Mars 2020 mission is planning to use
TRN for its landing sequence targeted for 2021. The Mars
landing would serve as primary validation of the system prior
to deployment on Moon Diver. Given the need for a lander
vision system for TRN in the first place, both altimetry and
velocimetry can be estimated additionally wusing a
stereoscopic camera pair on the lander, leveraging thereby
capabilities that have been deployed on several Mars surface
missions. As such, the lander vision system is intended to
replace the more-costly radar systems that are typically
employed during the later stages of landing.

Following a final correction maneuver a few days before
arrival, the lander stack approaches at a near horizontal flight
path angle in a north-south direction relative to the lunar
surface. To accommodate the approach path and allow for
concurrent imaging, the camera is mounted at an oblique
angle. Once the lander passes the lunar arrival point, the
landing sequence is executed autonomously onboard the
spacecraft. The solid rocket motor is ignited to decelerate and
reduce the horizontal velocity. The lander’s descent engines
fire using pulse-width modulation to maintain the thrust
direction. Following the solid rocket motor burnout, the
motor is jettisoned and the lander performs a separation burn.
Using a combination of inertial propagation and TRN
measurements, the lander performs a trim maneuver to
minimize downrange error that result from solid rocket
performance dispersions. The latter is followed by a coast
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phase at the end of which the lander reorients and starts its
terminal descent phase. Using a combination of TRN,
altimetry and velocimetry measurements together with
onboard guidance, the lander continues to adjust its thruster
firings to reach a low terminal vertical velocity. For the next
tens of seconds, the lander descends at this constant vertical
velocity, and upon sensing the ground, it shuts down the
descent engines. Crushables in the three lander legs absorb
the residual landing impact.

Delivering the Axel rover to the surface

Axel Lander Interface Box
*  Mechanical anchor to lander
«  Step-up voltage converter

+  Communication-power to Axel

Axel Rover

*  Step-down voltage converter
*  Mobility (flat and sloped)

* Instrument pointing and
Tether (300 m) deployment
*  Mechanical support
*  Power

*  Communication

Instruments

Figure 12: The Axel Rover with its instrument payload,
the lander interface box, and the tether.

On the journey to the Moon, the Axel rover would be
accommodated aboard the deck of the lander stack. After
landing, the deck would sit approximately 1 m above the
lunar surface. The rover would be mechanically secured onto
the deck for launch and cruise and would also be electrically
connected to the lander through its umbilical tether via an
interface box. The latter would be secured to the lander and
together they would serve as the rover’s anchor during the
surface phase. The interface box provides the mechanical
anchor for the tether, a power converter to step-up the lander-
provided bus voltage for efficient power transmission, and a
communication interface board to connect to the lander’s
avionics box. Command to and telemetry from the rover is
communicated through the tether, which carries redundant
lines for power and communication to increase robustness.

Egress is provided via a ramp on the side of the lander, which
enables Axel to rappel off the lander deck to the lunar surface
in a controlled manner. The length of the ramp is such that
Axel’s wheels maintain contact with the lander until they
transition to the lunar surface, even under conditions where a
rock under a lander leg tilts the deck by 15°. Additionally, the
ramp provides a reaction point for the boom to push against,
allowing Axel and its boom to clear the lander. Once cleared,
the rover would pay out the tether, lower its boom to the
surface and drive away. Fairleads are provided at the outer
edges of the lander deck and generous radius is included on
all edges of the ramp to provide a controlled surface for the
rover and its tether to move in the event it slides on the lander
deck.



7. THE AXEL SYSTEM

The baseline Axel System consists of the Axel Rover with its
instrument payload, the lander interface box and the tether
(Figure 12). The solar-powered lander trickle charges the
rover battery through the umbilical. Power is delivered to the
rover through a step-up converter in the interface box. The
lander delivers power to the rover through multiple wire pairs
at a low amperage to minimize the losses across the length of
the tether. Redundant pairs in the tether provide resiliency to
failures in the conductor. The rover carries the surface
preparation tool and three instrument types: (1) three cameras
with a pair in stereoscopic configuration, (2) a multi-spectral
imager, and (3) an alpha-particle X-ray spectrometer. All but
the three cameras are mounted and deployed from the
instrument bays that are engulfed and protected by
cantilevered wheels.

8. THE AXEL ROVER
Background

The development of robots for exploring extreme planetary
terrains dates back several decades and helped further our
understanding of mobility in such terrains [27][28][29]
[30][31][32][33]. The concept of a minimally actuated rover
for planetary exploration emerged as far back as the 1970s.
The Axel rover system was independently conceived in 1999
[34]. On very steep slopes like lunar pits, some form of
tethering or wall anchoring is necessary to maintain stability.
While wall anchoring may be viable in the future to provide
more flexible maneuvering and ensure terrain contact for
overhangs, in situ anchoring on the pit wall would be
dependent on knowledge and stability of the rock/terrain
properties [35], which can be difficult to characterize a priori.
Alternatively, tethering tends to provide more stability on
steep slopes and reduces risk compared to alternate
approaches. However, tethered robots impose constraints on
the rover’s lateral motion. As such, for near vertical walls, a
tethered rover should remain in line with the descent path to
avoid lateral forces on the tether that could tug on the rover
and cause slip.

A number of tethered robots have been fielded over the past
decades [28][29][30][32][36][37][38] and much was learned
about tethered mobility in extreme terrains. In 2006, the
original Axel rover [39] was retrofitted with a tether and
science bays and adapted with grouser wheels for extreme
terrain mobility on slopes.

The Axel Rover

Axel is a two-wheeled rover with two large wheel-encased
science bays and a boom (Figure 14 and Figure 15). The
boom serves multiple functions: (a) it provides the necessary
reaction force on the ground for forward mobility on
relatively flat terrains, (b) its continuous rotation around
Axel’s body provides redundancy for the spool and wheel
actuators allowing secondary spooling and impaired mobility
in case of a failure of any of these actuators, (c) it allows for
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Instrument Module

Caster Ar

Rounded Wheels

Figure 14: CAD rendering of Axel (version 3) with
key features labeled.

Figure 13: Instrument bays with instrument
deployment mechanism

pointing the instruments, and (d) it reduces tether
entanglement. Using the Axel-mounted umbilical/ tether,
Axel is capable of accessing extreme terrains including
vertical walls and overhangs, operating like a motorized
yoyo. Using its large grouser wheels, it is capable of
traversing obstacles that are a wheel radius in height without
the aid of its tether. Its symmetric design enables it to operate
from an inverted position. The use of an umbilical not only
provides mechanical support, but also provides power and
communication to the rover.

The Axel rover is unique in that it combines mobility and
manipulation functionalities into a minimally-actuated
platform. The science bays on the Axel rover operate in a
similar fashion to the boom-mounted turrets on the MER and
MSL rover [40], which are populated with science
instruments. In essence, Axel is a mobile science platform
capable of placing and orienting instruments on sloped
targets. Figure 15 shows the Axel rover with a deployed
instrument acquiring spectroscopic measurements and
microscopic images on stratigraphic layers of a 40° slope at
Black Point Lava Flow in Arizona. A single Axel can carry
six to eight science instruments and sampling tools in its
science bays. However, for the Moon Diver Axel rover, only
three instruments are mounted in the bays: the surface



preparation tool, the multi-spectral imager, and the alpha-
particle X-ray spectrometer.

Current Axel Prototypes

A2 |

Deployed

igure 15: Axel deploying and acquiring
infrared spectroscopic measurements and
microscopic images from its instrument bay
on exposed strata (40° slope).

Several Axel research prototypes have been developed and
fielded: an earlier 22 kg version that used the boom for
spooling and unspooling the tether, and later 40 kg and 55 kg
versions that incorporated an additional actuator to allow full
pointing on vertical slopes. Figure 16 shows the conceptual
design of a more recent version of the Axel rover prototype.
With the 22 kg Axel, we have demonstrated mobility on short
vertical cliff walls of a few meters in height [41].

Commutation between
spool and body

* Commutation between
arm and body

Wide FOV
stereo camera

Transitioning from an overhang to a sloped or flat terrain
presents a major challenge for robots because one cannot
predict which way they will land. This requires the robot to
operate from an inverted position. To meet this requirement,
we designed Axel to be symmetrical, thus giving it the ability
to operate upside down and right side up without added
complexity.

The prototype Axel was designed to survive a 2 meter drop
in Earth’s gravity, and all components and materials used in
the rover have been upgraded to comply with JPL safety
standards.

Actuation and Mobility

The latest version of Axel uses four primary actuators: one to
drive each wheel, one to rotate the boom around the body and
a fourth to rotate the spool [42]. With differential driving,
Axel can drive forward and backwards, turn in place and
traverse arbitrary paths. It can also operate from an inverted
position. The boom rotates 360° around the body and serves
multiple purposes. It provides a reaction lever boom against
wheel thrust to drive the rover. When combined with the
motion of the wheels, it controls the rover’s pitch to point the
body-mounted sensors and instruments. Axel can point its
instruments on flat and sloped terrains. The boom also
provides a conduit for the tether to prevent entanglement with
the wheels. Running the tether through the boom gives Axel
greater stability and provides a restoring force for the boom,
keeping it off the ground for the most part during steep slope
operations. The boom actuator provides some level of
redundancy enabling limited mobility following a failure of
either or both drive wheels. Driving the boom actuator into

Narrow planetary Gear
FOV motor
camera brake
encoder

| Batteries

0.84m
Batteries f
) / /
f=
°E’ * Rotating arm & drum in same direction, body
g rotates without reeling tether
e * Rotating in opposite directions, applies twice the
power for reeling the tether

Instruments deploy out and down
towards the ground

1.52m

Extra Inst.

Figure 16: System concept for the Axel v3 rover
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the ground will rotate Axel’s body and wheels relative to the
boom resulting in straight motion. This mode can be used to
roll Axel off rocks if it high-centers.

The fourth actuator rotates the tether spool independent of the
boom and the body. By coordinating the motion of all four
actuators, Axel can point its instruments while remaining
stationary on vertical slopes (rotating both the spool drum and
boom in the same direction). Rotating the spool drum and
the boom in opposite directions would double the power that
is applied to the reeling of the tether and hence pulling the
rover over very challenging terrain on the ascent.

Figure 16 shows a cross section of the Axel rover. The
rotation axes of all four actuators are aligned to provide the
versatile functionality and redundancy as previously
described. The actuators are brushless DC servo motors with
a safety brake, an incremental encoder, and a gear train. The
brake uses a power-to-disengage electromagnet, which does
not draw any power when the actuator is not in use. In the
event of a power failure during motion, the brakes will spring
close and prevent the actuators from back driving. The wheel
motors drive four-stage planetary gearboxes while the tether
drum and caster boom motors drive three-stage planetary
gearboxes. A final spur gear pass is on the output of each of
the four actuators. This spur pass allows the motors to be
mounted off of the rover's body axis and permits the passage
of the harness through the center of the rover. The output spur
pass and associated thin section bearings are protected from
dust intrusion via a three-stage sealing strategy. This sealing
system (derived from the MSL and MER rovers) consists of
an outermost Nomex felt seal and an inner spring-energized
graphite impregnated teflon seal separated by a labyrinth
machined into the associated mounting hardware. The wheel
actuators are capable of driving speed of 10 cm/s. The tether
drum and boom actuators can generate ascent speed of 10
cm/s. In addition to the four primary actuators, secondary
actuators are used to deploy instruments and to control the
level winding of the tether onto Axel’s spool.

Science modules

The larger cylinders within the volume of the wheel structure
provide space to house scientific instruments and sampling
devices. These are referred to as the instrument modules or
science bays (Figure 13). Inside these enclosures and beneath
the wheels, the instruments are protected from rocks,
protrusions, dust, and falling debris. The opening of a
motorized access panel allows APXS, MMI and surface
preparation tool to extend out of the wheel structure so that it
can be placed within centimeters of the surface. Thus, Axel
can take multiple measurements on any slope including
vertical. Based on field test results, placement accuracy and
repeatability for multiple instruments within a single bay is
within millimeters.
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Computational module

Axel’s central body houses its avionics, which includes the
compute element, the motor controllers, the power
management system (switching and voltage control). It also
houses the communication board, an inertial measurement
unit, and a tether tension sensor. The EECAMs would
provide stereoscopic images with a baseline of approximately
15 cm depending on its final configuration.

Wheels and tether

The instrument bays are protected with cantilevered wheels.
The outboard wheel surfaces are curved so that Axel can roll
back to its nominal stance in the case of a tip-over onto its
side. Axel wheels have large grousers for going over
obstacles [43]. The holes in the grousers reduce wheel mass
without compromising overall strength of the wheel
structure.

The tether provides mechanical support, power and
communication from the lander to the Axel. Its design
includes an inner core for structural integrity, an outer layer
of helically wound insulated copper wires, a strength member
surrounding the conductors, an abrasion layer to protect the
tether from the abrasive rocks and regolith and a finish to
provide ultra-violet exposure protection. The wires in the
tether provide redundancy for both power and
communication. The solar-powered lander would provide
power to trickle charge batteries inside the Axel through the
umbilical tether throughout the surface mission. With a
lander panel in sunlight, the rover can operate in the dark
recesses of the possible cave, should one exist and should
there be enough time within the single lunar day to reach it.
Furthermore, redundant power and communication lines
ensure continued operation with one or more conductor
losses.

Several tether prototypes have been developed and are
undergoing lab and field testing to characterize their
mechanical and electrical properties. Mechanical tests
include characterizing static and dynamic load capability,
bending capability, and abrasion resistance, in particular, on
sharp basaltic lava and ultra-fine angular regolith under
maximum load. A subset of these tests would be performed
under simulated lunar conditions: in vacuum, across a
temperature range of -50—150 °C, and under full-spectrum
UV exposure, equivalent to one lunar day. Electrical tests
include characterizing communication bandwidth while
delivering 100 W at 300 V through step-up and step-down
voltage converters on either end of the 300 m tether. We are
testing tethers with 4-, 6-, and 8-wire configurations that are
unshielded and helically wound (not twisted pairs).
Additionally, we are assessing any adverse effects that
electrical transmission may have on the integrated Axel
system and flight avionics.

Since the Moon Diver mission is to traverse from the lander
to the pit funnel, to its edge and into the pit, the tether would



continuously be paid out as the rover traverses away from the
lander. There is no requirement to return the rover to the
lander so the tether will largely be paid out without large
rewinding on the spool. As such, a complete tether
management system, such as the one developed and fielded
by Brown et al. [44] would not be necessary for this
application. A more minimal design that maintains the
unspooled tether and provides tether tension sensing (similar
to the original Axel design) should suffice. The enclosure
over the cable drum protects the tether from dust and debris,
and it also insulates the cable from the environment.

Thermal Design

Axel’s design offers some advantages for thermal design and
management. All actuators, avionics and instruments are
inside the thermally controlled enclosure and, with the
exception of the instrument heads, do not have to go through
articulated or passive joints. Axel’s ability to orient its body
can be leveraged to point radiators. One limitation that Axel
has is its limited surface area, which impacts the size of the
radiators that can be accommodated but radiators that open
up increase the surface area for radiation.

For the Moon Diver thermal design, there are three sources
for heat loads on the surface: (1) direct solar incidence on the
rover, (2) heat reflected from the regolith based on its albedo,
and (3) heat dissipated by the rover’s instruments and
avionics. The heat sink for this application is the cold sky.
When the rover is in the pit, infrared emissions from the
basaltic wall replace the regolith heat source. An additional
heat sink in the pit is the non-illuminated pit wall.

Figure 18: The Axel rover transitioning from the
funnel to the wall at the Devolites pit in Arizona.
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Experimental Results

Several field tests were conducted with the Axel rover at
different sites: (1) at a rock quarry in Canyon Country,
California, (2) in the desert near Black Point Lava Flow in
Arizona, (3) at mountainous ranges near JPL, and (4) at the
basaltic Devolites pit in Arizona. Earlier field tests were
conducted using tele-operation with the operator enjoying a
bird’s-eye view of the rovers. Recent tests were conducted
with remote operators using only telemetry to guide the
rover’s motions. The Devolites campaign includes tests that
simulated the operational constraints of the Moon Diver
mission concept, which included a remote anchor from the
pit edge and simulated operations using rover telemetry and
communication rate constraints.

Figure 18 shows the Axe 1 rover descending down the pit wall
at the Devolites site. The rover’s anchor was 100 m from the
pit edge. During these tests, the rover was commanded to
traverse tens of meters to the pit edge, acquiring context
imaging and navigating solely using telemetry data. The
rover was commanded to deploy its instruments and acquire
microscopic images of the regolith along the way. The rover
transitioned from the flat surface to the funnel with a slope of

Figure 17: Axel descending a 20 m cliff face with
slopes ranging from 65° in angle to near vertical at
a quarry in Canvon Country, California.
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22°-25°.  As the rover traversed the funnel, it was then
commanded to transition to a vertical and rocky slope.
During these tests, the anchor experienced tensions that
reached 400 N with the tether contacting the surface and
funnel at a few discrete locations. Due to limited battery life!,
portions of the traverse used line-of-sight operations to speed
up the return of the rover but the rover was able to overcome
challenging transitions between the funnel and the wall. Note
that the Moon Diver mission concept does not require
returning the rover to the lander. Over three days, data was
collected using the context cameras, the microscopic imager,
and the commercial-off-the-shelf X-ray Fluorescence from
Bruker on flat, moderately sloped and vertical walls.

An earlier field campaign was conducted in Canyon Country,
CA. Figure 17 shows Axel descending a 20-m slope (18 m
vertical height) with an anchor several meters from the pit
edge. Two full runs were conducted where the rover
traversed hard rock, soft soil, and rocky debris. The slope
angle of the cliff varied from 65° to near vertical. In both
runs, Axel successfully descended across the slope, traversed
the flat terrain at the bottom, and returned up the slope. Axel
covered a total round trip-distance of 100 m and 50 m during
the first and second runs, respectively. Figure 19 shows a
time-lapsed sequence of the rover descending the cliff face.
With a top speed of 10 cm/s, Axel climbed the 20-m slope in
approximately 4 minutes. During some portions of the
traverse, large amounts of rocky debris cascaded onto Axel
without causing damage to the rover. By controlling the body
pitch as it ascended the cliff, the rover effectively protected
its cameras from the falling debris.

In another field test in the Arizona desert, Axel rappelled
down another steep terrain. The descent slope was 15 m in
length with angles that ranged between 25° and 45°. Certain
portions of the terrain featuring stratigraphic layers had slope
angles between 60° and 78°. Throughout the run, the rover
collected measurements with three instruments at intervals
specified by a field geologist. At each stop, the rover would
re-orient its science instrument module to position different
instruments on the target of interest. During this maneuver,
there was no visible slip of the rover despite that all four
actuators rotating simultaneously to reorient the body. The
precision of instrument pointing, on the order of millimeters,
was significantly better than our science-driven requirement
of 1 cm. During the second test day in Arizona, we conducted
two similar excursions on two different slopes: one was a
steep slope with relatively few rocks, and the second
comprised an easier grade but contained many large scattered
rocks. At the top of one of the cliffs there was a fairly steep
face at approximately a right angle with the top of the ledge.
As the rover ascended this wall, the tether tension reached its
peak value of ~760 N for a 53 kg prototype in Earth’s gravity,
maintaining a 5x safety factor on the tether capacity.

! Electronics for the charging system were not available for this field test.
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Figure 19: Time lapsed images of Axel descending a cliff
face with slopes ranging from 65° to 85° in angle.

Finally, we conducted a “flip-over” test in the JPL Mars Yard
to verify the robustness of the Axel design. We drove the
tethered Axel rover up a terrain where a shallow grade ran
parallel to a steep grade incline, in order to force a tip-over.
As Axel drove up the terrain, straddling the two slopes, one
wheel began to rise higher than the other. We continued the
ascent until the right wheel flipped over the left wheel and
landed on the ground, leaving Axel in an upside-down
configuration. The rover is designed to handle such
maneuvers and survived the impact without damage and
continued to descend successfully under its own power.

In summary, we conducted around a dozen major traverses
with Axel over various terrain types and successfully
collected a large volume of data both from Axel’s own
instruments and the tether tension sensor. These experiments
showcased Axel’s ability to navigate challenging terrain and
demonstrated end-to-end operational scenarios of the Axel
rovers: traversing to a cliff edge, rappelling, measuring, and
ascending. Ascending is not required for the Moon Diver
mission. Videos from Axel field tests are available at [46].



9. CONCEPT OF OPERATIONS

Moon Diver operations for launch, cruise, descent and
landing would be similar to previous missions [40] and so
will not be addressed in detail here. By contrast, the Moon
Diver surface operations are sufficiently novel that it requires
some detailed discussion.

The surface mission would be executed during the lunar
sunlit period, providing 300 to 330 hours of operations, with
the available duration depending on the local solar time of
landing. While many lessons can be drawn and tools can be
inherited from Mars surface missions, the command cycle
can be more efficient because of the continuous and low-
latency (seconds) communication that would enable the
mission operations within a single lunar day. The Mars
Science Laboratory (MSL) operations team typically uploads
an entire sol (24.7 hours) of commands to the Curiosity rover,
to be executed end-to-end without human intervention. This
requires careful validation of the command sequences,
together with conservative resource modeling, to ensure
rover health and safety and to avoid command errors. Moon
Diver operations would depart from this model, utilizing the
short round-trip light time to the moon to enable continuous
commanding of the Axel rover.

The Moon Diver lander would be continuously awake during
the surface mission, serving as a stable platform for rover
operations. Once landed and checked out, the lander’s
primary tasks are solar array tracking and maintaining the
communications link between ground operators and the
rover. These tasks require only occasional commanding,
perhaps no more than once per Earth day, for example to
modify an ephemeris file or optimize array performance. By
contrast, the rover command cycle would be as short as 2
minutes. The high bandwidth and close proximity of the
Moon enables rover telemetry, navigation images, and
decisional science data to be made available with low latency
(10s of seconds) to the ground team. Commands would be
uplinked one or a few at a time to the rover, with the result of
the commands known on the ground before the next bundle
is sent. During rover operations, the lander would
immediately forward rover data to Earth and pass commands
from Earth through to the rover.

This mode of continuous rover operations has been
extensively exercised at JPL in the MSL and Mars 2020
testbeds, including commanding of rover traverse and
instrument operations. As such, ground tools, including the
Rover Sequencing and Visualization Program (RSVP) suite,
have already been adapted for this mode. RSVP enables
selection and visualization of traverse arcs, automation of
command sequence writing and validation, and the display of
real-time rover telemetry.

The mission is designed so that the instantaneous resources
required for operations have excess margin above worst-case
expected scenarios, providing power, bandwidth, and
temperature margin. This effectively decouples the lander
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and rover resource models, enabling the lander and rover
teams to operate in a nominally independent way, and for
rover operators to make decisions without the delay of
simulating rover performance in real time. Operators may
then focus on completing the mission goals against the only
remaining constrained resource, which is the available
mission duration.

During the surface phase, Moon Diver mission operations
would be staffed around the clock with rotating shifts. A trio
of Rover Operator, Science Operator, and a Lead role would
interface directly with the uplink tools, commanding the
rover. They would be supported by an adjacent room of
scientists and engineers, with dedicated channels of
communications between the rooms as a means to avoid
distractions. Human factors would be informed as much by
the lessons of human spaceflight as those of Mars robotic
operations.

10. SUMMARY

The Moon Diver mission concept takes advantage of the
discovery of a natural pit that exposes a deep cross-section of
lunar stratigraphy and two advances in capabilities: pinpoint
landing and extreme terrain mobility to conduct a science
investigation that would deepen our understanding of
fundamental processes for secondary crusts on the Moon, and
to use this knowledge as a keystone for understanding the
same processes across the Solar System. It would provide the
first in-situ observations of secondary crust bedrock on a
single-plate planet. Using the rover’s instrument suite, we
would learn about context, elemental composition, and
minerology to understand the composition, emplacement,
and regolith formation of these secondary crusts.

11. ACKNOWLEDGMENTS

This work is a joint collaboration between Caltech and the Jet
Propulsion Laboratory. The work was done at the Jet
Propulsion Laboratory, California Institute of Technology,
under contract to the National Aeronautics and Space
Administration. The information presented about the Moon
Diver mission concept is pre-decisional and is provided for
planning and discussion purposes only.

12. REFERENCES

Taylor, S. R. (1989) Growth of planetary crusts,
Tectonophysics 161, 147-156.

Head, J. W., and L. Wilson (1992), Lunar mare
volcanism: Stratigraphy, eruption conditions, and the
evolution of secondary crusts, Geochim. Cosmochim.
Acta, 55, 2155-2175.

Head, J. W. (1999), Surfaces and interiors of the
terrestrial planetary, in The New Solar System, edited
by J. K. Beatty, C. C. Petersen and A. Chaikin, pp.
157-173, Sky Publishing, Cambridge, MA

Head I11, J. W., and L. Wilson (2017), Generation,
ascent and eruption of magma on the Moon: New
insights into source depths, magma supply, intrusions

(1]
(2]

(3]

(4]



(5]

(6]

(7]

(8]
(9]
[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

and effusive/explosive eruptions (part 2: observations),
Icarus, 283, 176-223,
doi:10.1016/j.icarus.2016.05.031.

Wilson, L., and J. W. Head III (2017), Generation,
ascent and eruption of magma on the Moon: New
insights into source depths, magma supply, intrusions
and effusive/explosive eruptions (Part 1: Theory),
Icarus, 283, 146-175,
doi:10.1016/j.icarus.2015.12.0309.

Wilson, L., and J. W. Head III (2017), Eruption of
magmatic foams on the Moon: Formation in the
waning stages of dike emplacement events as an
explanation of "irregular mare patches", Journal of
Volcanology and Geothermal Research, 335, 113-127,
doi: 10.1016/j.jvolgeores.2017.02.009.

Wilson, L., and J. W. Head III (2018), Controls on
lunar basaltic volcanic eruption structure and
morphology: Gas release patterns in sequential
eruption phases, Geophysical Research Letters, 45,
5852-5859, doi: 10.1029/2018GL078327

Haruyama, J., et al. (2009) GRL 36, L21206
Robinson, M.S., et al. (2012) PSS 69, 18-27.

Wagner, R.V., and Robinson, M.S. (2014) Icarus 237,
52-60.

http://Iroc.sese.asu.edu/posts/202

Okubo, C.H., and Martel, S.J. (1998) Journal of
Volcanology and Geothermal Research 86, 1-4, 1-18.
Staid, M.L., Pieters, C.M., Head, J.W. (1996) J.
Geophys. Res. 101, E10, 23213-23228.

Basaltic Volcanism Study Project (1981) Basaltic
Volcanism on the Terrestrial Planets. Pergamon Press,
Inc., New York. 1286 pp.

Hulme, G. (1982) A review of lava flow processes
related to the formation of lunar sinuous rilles.
Geophysical Surveys 5, 3, 245-279.

Needham, D.H., and Kring, D.A. (2017) Lunar
volcanism produced a transient atmosphere around the
ancient Moon. Earth and Planetary Science Letters
478, 175-178.

Reichow, M.K., Pringle, M.S., Al’Mukhamedov, A.L,
Allen, M.B., Andreichev, V.L., Buslow, M.M.,
Davies, C.E., Fedoseev, G.S., Fitton, J.G., Inger, S.,
Medvedev, A.Ya., Mitchell, C., Puchkov, V.N.,
safonova, I.Yu., Scott, R.A., Saunders, A.D. (2009)
The timing and extent of the eruption of the Siberian
Traps large igneous province: Implications for the
end-Permian environmental crisis. Earth and Planetary
Science Letters 277, 9-20.

Harris, A., Dehn, J., Calvari, S. (2007). Lava effusion
rate definition and measurement: A review. Bulletin of
Volcanology 70, 1-22.

Keszthelyi, L., Self, S., Thorvaldur, T. (2006) Flood
lavas on Earth, To, and Mars. Journal of the Geological
Society 163, 253-264.

Maki, J.N., McKinney, C.M., Sellar, R.G., Willson,
R.G., Copley-Woods, D.S., Gruel, D.C., Nuding, D.L.,
Valvo, M., Goodsall, T., McGuire, J., Kempenaar, J.,
Litwin, T.E. (2016) Enhanced Engineering Cameras
(EECAMs) for the Mars 2020 Rover. 3rd International

17

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

Workshop on Instrumentation for Planetary Missions.
Abs. 4132.

Rieder, R., Winke, H., Economou, T., Turkevich, A.
(1997) Determination of the chemical composition of
Martian soil and rocks: The alpha proton X ray
spectrometer. Journal of Geophysical Research:
Planets 102, E2, 4027-4044.

R. Gellert,1,2 R. Rieder,1 J. Bruckner,1 B. C. Clark,3
G. Dreibus,1 G. Klingelhofer, G. Lugmair,1 D. W.
Ming, H. Wanke,1 A. Yen,6 J. Zipfel,1 and S. W.
Squyres, “Alpha Particle X-Ray Spectrometer
(APXS): Results from Gusev crater and calibration
report,” Journal of Geophysical Research, vol. 111,
2006.

R. Gellertl, B. C. Clark I112, and the MSL and MER
Science Teams, “In Situ Compositional Measurements
of Rocks and Soils with the Alpha Particle X-ray
Spectrometer on NASA’s Mars Rovers,” in Elements,
International Magazine of Mineralogy, Geochemistry,
and Petrology. vol. 11, pp. 39-44, 2015

Sellar, R.G., Farmer, J.D., Gardner, P., Staten, P.,
Kieta, A., Huang, J. (2007) “Improved Spectrometric
Capabilities for In-Situ Microscopic Imagers,”
Seventh International Conference on Mars, Abs. 3017.
Wagner, R.V., Rowland, S.K., Robinson, M.S. LROC
Team (2018) Lunar Pits and Hawaiian Analogs. 49th
Lunar and Planetary Science Conference, Abs. 1538.
“MoonRise” (PDF). NASA Facts. NASA. June 2010.
Archived from the original (PDF) on 16 May 2011.
D. Bickler, “A family of planetary vehicles,” Proc. of
the Intern. Symp. on Mission Technologies and
Design of Planetary Mobile Vehicles, France, 1992.
J. Bares, D. Wettergreen,"Dante II: Technical
Description, Results and Lessons Learned,"
International Journal of Robotics Research, Vol. 18,
No. 7, pp. 621-649, July, 1999.

Fukushima, E.F., Kitamura, N., and Hirose, S. (2001).
Development of tethered autonomous mobile robot
systems for field works. Advanced Robotics, 15(4):
481-496.

Wilcox, B.H., Litwin, T., Biesiadecki, J., Matthews, J.,
Heverly, M., Morrison, J., Townsend, J., Ahmad, N.,
Sirota, A., and Cooper, B. (2007). ATHLETE: A
cargo handling and manipulation robot for the Moon.
Journal of Field Robotics, 24(5): 421-434.

Bartlett, P., Wettergreen, D., and Whittaker, W.L.
(2008). Design of the Scarab rover for mobility and
drilling in the Lunar cold traps. In Proceeding of
International Symposium on Artificial Intelligence,
Robotics and Automation in Space.

I. A. Nesnas, J. Matthews, P. Abad-Manterola, J. W.
Burdick, J. Edlund, J. Morrison, R. Peters, M. Tanner,
R. Miyake, B. Solish, “Axel and DuAxel Rovers for
the Sustainable Exploration of Extreme Terrains,”
Journal of Field Robotics, Feb 2012.

P. McGarey, F. Pomerleau, T. Barfoot, “System
design of a tethered robotic explorer (TReX) for 3D
mapping of steep terrain and harsh environments,”
Field and Service Robotics, 267-281 2016



[34] Nesnas, I.A. (2001). Reconfigurable exploratory
robotic vehicles. NASA Tech Briefs

A. Parness, N. Abcouwer, C. Fuller, N. Wiltsie, J.
Nash, B. Kennedy, “LEMUR 3: A limbed climbing
robot for extreme terrain mobility in space,” Int’1
Conference on Robotics and Automation (ICRA)
(2017).

Abad-Manterola, P., Edlund, J.A., Burdick, J.W., Wu,
A., Oliver, T., Nesnas, .A., and J. Ceceva (2009).
Axel: A minimalist tethered rover for exploration of
extreme planetary terrains. IEEE Robotics and
Automation Magazine, 16(4): 44-52.

P. McGarey, M. Polzin, T.D. Barfoot, “Falling in line:
Visual route following on extreme terrain for a
tethered mobile robot,” 2017 IEEE International
Conference on Robotics and Automation, 2027-2034
2017

P. McGarey, K. MacTavish, F. Pomerleau, T.D.
Barfoot, “TSLAM: Tethered simultaneous localization
and mapping for mobile robots The International
Journal of Robotics Research 36 (12), 1363-1386
2017.

Howard, A., Nesnas, [.A., Werger, B., and Helmick,
D. (2004). A novel reconfigurable robotic exploratory
vehicle for navigation on rough terrain. In
Proceedings of 10th International Symposium on
Robotics and Applications, Seville, Spain.

MSL Mission (2011). Retrieved January 8th, 2011,
from http://marsprogram.jpl.nasa.gov/msl/.

Nesnas, .A., Abad-Manterola, P., Edlund J., and
Burdick, J.W. (2007). Axel mobility platform for
steep terrain excursions and sampling on planetary
surfaces. In Proceedings of IEEE Aerospace
Conference, Big Sky, MT.

J. Matthews, [.A. Nesnas, “On the Design of the Axel
and DuAxel Rovers for Extreme Terrain Exploration,”
IEEE Aerospace Conference, Montana, March 2012
Abad-Manterola, P., Burdick, J.W., and Nesnas, I.A.
(2010). Axel rover paddle wheel design, efficiency,
and sinkage on deformable terrain. In Proceedings of
IEEE Conference on Robotics and Automation
(ICRA’10), Anchorage, AK.

T. Brown, A. Stefanini, N. Georgiev, J. Sawoniewicz,
I. Nesnas, “Series Elastic Tether Management for
Rappelling Rovers,” IROS, 2018
http://www.lunarandplanetaryrovers.com/roverconcept
s.htm

Axel Rover Field Campaign in CA and AZ:
https://www.youtube.com/watch?v=IjjoInW94tY

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

18

13. BIOGRAPHY

Issa A.D. Nesnas, Ph.D. is a
principal technologist at the Jet
Propulsion  Laboratory. He
served as the supervisor for the
Robotic Mobility Group and the
Robotic Software Group. He is
the principal investigator for the
Axel rovers. His research
interests include autonomous
systems, extreme terrain mobility, and robot navigation.
Issa received a B.E. degree in Electrical Engineering from
Manhattan College, NY, in 1991. He earned the M.S. and
Ph.D. degrees in Mechanical Engineering from the
University of Notre Dame, IN, in 1993 and 1995
respectively. He is a member of NASA Autonomous
Systems Capability Leadership Team and the Axel lead for
the Moon Diver Mission concept.

Laura Kerber, Ph.D. is a
research scientist at the Jet
Propulsion  Laboratory — with
interests in physical volcanology,
aeolian geomorphology, wind
over complex surfaces, the
ancient Martian climate, the role
of  sulfur in planetary
atmospheres, and extraterrestrial
cave environments. Laura holds
two Masters Degrees, in Geology
and Engineering (Fluid
Mechanics), and a Ph.D. in Geology from Brown
University. She is the Deputy Project Scientist of Mars
Odlyssey and the Principal Investigator of the Moon Diver
Discovery Mission concept.

Aaron Parness, Ph.D. is the
supervisor  for the Robotic
Climbers and Grippers group at
the Jet Propulsion Laboratory.
He received two Bachelor of
Science  degrees  from  the
Massachusetts  Institute  of
Technology, and a Masters of
Science and Doctor of Philosophy
from Stanford University.
Currently, he performs research
on the attachment interfaces between robotic systems and
their surrounding environment, working primarily on
climbing robots and robotic grippers. An expert in novel
methods of prototype manufacturing, Dr. Parness has
experience in microfabrication, polymer prototyping, and
traditional machining (both manual and CNC). He has
also worked on mechanical part design and mechatronic
systems during his career. He is the capture lead for the
Moon Diver Mission concept.




Richard Kornfeld, Ph.D. is a
principal systems engineer, and
currently the Deputy Chief
Engineer  of the  Systems
Engineering Division, at the Jet
Propulsion Laboratory. During
his tenure at JPL, he has
contributed to various flight
missions and technology

* developments, including Mars
Exploration Rovers (MER), Mars Phoenix Lander, Mars
Science Laboratory/Curiosity Rover, and more recently
GRACE Follow-on. Richard received an M.Sc. in
electrical engineering from the Swiss Federal Institute of
Technology (ETH) in Zurich, and a Ph.D. in Aeronautics
and  Astronautics from Massachusetts  Institute
of Technology (MIT). He is also an Associate Fellow of the
American Institute of Aeronautics and Astronautics
(AIAA).

Glenn Sellar, Ph.D. is a senior
optical engineer at the Jet
Propulsion Laboratory. He is also
the Principal Investigator for the
Multi-spectral Microscopic
Imager. He is current is payload
systems engineer for the Moon
Diver mission concept.

Patrick McGarey, Ph.D. is a
robotics technologist at the Jet
Propulsion Laboratory in the
Robotic Mobility Group. Patrick
received his Ph.D. in Aerospace
Engineering from the University of
Toronto, where he was a visiting
Fulbright Scholar. His research is
| focused on the development of
 tethered systems and autonomy
functions for the exploration of
extreme environments throughout the solar system.

Travis Brown, Ph.D. is a robotic
systems engineer in the Robotic
Mobility  Group at the Jet
Propulsion Laboratory. He holds
a Ph.D. in robotics from the
University of Notre Dame, where
he studied planning and control
of underactuated bipedal robots.
At JPL he is working on
advanced mobility platforms for
Mars exploration.

19

Michael Paton, Ph.D.is a
robotics technologist at the Jet
Propulsion Laboratory in the
Robotic Mobility Group.
Michael received his Ph.D.
in Aerospace Engineering from
the University of Toronto. His
research  is  focused  on
autonomous navigation systems
for extreme terrain
environments.

Miles Smith, Ph.D. is a systems
engineer and physicist at the Jet

Propulsion  Laboratory.  His
area of expertise is enabling
science in extreme

environments, with projects that
have been executed deep
underground, at the South Pole,
in low Earth orbit, and on the
Martian surface. He joins the
Moon Diver team as the Mission
Planning and Systems Lead,
developing the concept of operations, resource models,
and ground systems needed for carrying out the mission.

Andrew Johnson, Ph.D. is a
principal technology at the Jet
Propulsion Laboratory and the
Principal Investigator for terrain
relative  navigation. He
graduated with Highest
Distinction from the University of
Kansas in 1991 with a BS in
Engineering Physics and a BS in
Mathematics. In 1997, he
received his Ph.D. from the
Robotics Institute at Carnegie Mellon University where he
developed the spin-image surface signature for object
recognition and surface matching. Currently, he is a
Principal Member of Technical Staff at the Jet Propulsion
Laboratory where he is developing image-based
techniques for autonomous navigation and mapping
during descent to planets moons, comets and asteroids. Dr.
Johnson was awarded the JPL Lew Allen Award for
Excellence for his "groundbreaking contributions in the
area of machine vision algorithms for safe and precise
landing."



Matt Heverly is the supervisor for
the mechanisms group at the Jet
Propulsion Laboratory. He joined
JPL in the spring of 2005. Prior to
this, Matt worked at an industrial

aerospace  company  designing
robotic  hardware and  space
mechanisms. Matt is currently

/ working as a mobility systems
'/ , engineer for the Mars Science

Laboratory (MSL) rover. Prior to
this he was the chief mechanical engineer on the
ATHLETE hex legged rover as well as a Rover Driver on
the “Opportunity” Mars Exploration Rover.

Jacek Sawoniewicz is a robotic
systems engineer in the Robotic
Mobility Group at JPL, currently
working on the new incarnation of
the Axel rovers, the Athena rover
and CLARAty framework. The
Group he works in focuses on
mobility architectures and
algorithms for terrestrial and space
robotic applications.

Chris Yahnker is a robotics
mechanical engineer at the Jet
Propulsion Laboratory in the
Extreme Environments Robotics
Group and has been working with
Lockheed  Martin  on  the
accommodation of the Axel rover.
Chris  received his B.S. in
Mechanical  Engineering  from
North Carolina State University

VoLt and  M.S. in  Mechanical
Engineering from Johns Hopkins University. Prior to
joining JPL in 2015, Chris spent 20 years working in
industry.

Torkom Pailevanian is a robotics
engineer in the Robotic Actuation
and Sensing Group at the Jet
Propulsion  Laboratory. He
received his B.S. and M.S. from the
California Institute of Technology,
where he worked on  the
development of biodevices for
cancer treatment and autonomous
underwater robotics systems. He is
currently supporting the system
architecture, circuit design and firmware tasks for extreme
environment robotics and ground systems testbeds for
flight systems.

20

Eric Sunada, Ph.D. is the technical
group supervisor for the Thermal
Technology and Fluid Systems
Group at the Jet Propulsion
Laboratory.

Gaume Bryant is a thermal
systems engineer at the Jet
Propulsion Laboratory. He is the
cognizant engineer of various
components of the Mars 2020 Heat
Rejection System. Prior to joining
JPL, he work as a thermal
engineer at Raytheon.

Aaron Curtis, Ph.D. received a

B.A. in geography from Cambridge

University, a M.S. in geochemistry

and a Ph.D. in earth science from

New Mexico Institute of Mining

and Technology in 2016. He has

participated in seven Antarctic

field seasons as lead caver for the

Mount Erebus Volcano

Observatory. He worked on

quadcopters for physical sample collection and sensor

placement at Los Alamos National Labs, and served as the

unmanned aerial vehicles specialist on the Trail by Fire

expedition. Aaron is currently a postdoctoral researcher at

NASA JPL, where he works on a range of projects

including development of'ice climbing robots and
characterization of Europa's terrain.

She is a Co-I on the Lunar

II Reconnaissance Orbiter's

Diviner Lunar Radiometer Experiment and is a
participating scientist on Origins Spectral Interpretation
Resource Identification Security Regolith  Explorer
(OSIRIS-REXx). Her research interests range from mantle
convection and magma generation to volcanism to rock
breakdown and regolith formation on airless bodies. Thus
far her research projects have involved the Moon, Bennu,
lo, Europa, Ganymede, and Tethys.

Catherine M. Elder, Ph.D. is a
research scientist at JPL in the
planetary geology and
geophysics group. She received
her B.A. in astronomy from
Cornell  University and her
Ph.D. in Planetary Sciences
from the University of Arizona.




Kyle Uckert, Ph.D. is a
postdoctoral scholar at the Jet
Propulsion Laboratory in the
Robotic Climbers and Grippers
Group. Kyle received his Ph.D. in
Astronomy from New Mexico State
University as a NASA Space
Technology Research Fellow. His
research is focused on the
development of in situ instrument
techniques to characterize the mineralogy and organic
content of planetary surfaces and  subsurface
environments.

Mar Vaquero, Ph.D. is a
mission design engineer at the Jet
Propulsion Laboratory, where
she has worked on a variety of
projects ranging from developing
early  mission concepts to
navigating Cassini through its
Grand Finale. Mar Vaquero
received M.S. and Ph.D. Degrees
in  Astrodynamics and Space
Apphcanons from the School of Aeronautics and
Astronautics at Purdue University. Her research is focused
on finding ways to fly around the solar system with little to
no fuel.

Yang Cheng, Ph.D. is a
principal technologist at the Jet
Propulsion Laboratory. He
earned the Ph.D. in Geographic
Information Processing at the
University of South Carolina,
where he studied remote sensing
and parallel computation. In
1993 he moved to the Oak Ridge
National Laboratory, where he
studied remote sensing and
large-scale geographic
information processing. In 1999, he came to Jet
Propulsion Laboratory. He was a main developer of the
Descent Image Motion Estimation System (DIMES) and
Visual Odometry of the NASA Mars Exploration Rovers
(MER) mission. He currently works on vision algorithm
development for small body navigation, spacecraft safe
and pin point landing and others.

1A

Brett Denevi, Ph.D. is a planetary
scientist at the Johns Hopkins
Applied Physics Laboratory, and
the Deputy Principal Investigator
of the Lunar Reconnaissance
Orbiter Camera. Her research
focuses on the origin and
evolution of planetary and
asteroidal surfaces, particularly
the history of volcanism, the

21

effects of impact cratering, and space weathering. Brett is
the recipient of the 2015 Maryland Academy of Science
outstanding young scientist award, a NASA early career
fellowship, six NASA group achievement awards, and
asteroid 9026 Denevi was named in her honor.

Lauren Jozwiak, Ph.D. joined the
Johns Hopkins Applied Physics
Laboratory in 2016 as a
postdoctoral researcher. Prior to
this, she was a graduate student at
Brown University studying with
Dr. Jim Head. Her research
focuses on  using  geologic
observations to inform and support volcanological
modeling of magma propagation processes. Lauren is also
interested in bubble formation processes and how the
planetary volatiles gained during accreation can be traced
using much later volcanic processes on a body. As a
graduate student, Lauren was involved with the GRAIL
science team, and with the MESSENGER Geology
Discipline Group as well as the MDIS instrument team.

Angela Stickle, Ph.D. is a senior
staff scientist at the Johns Hopkins
University ~ Applied  Physics
Laboratory. She specializes in
impact processes across the solar
system and how impacts affect
surface evolution, and works on
data from the Moon, asteroids, and

Jennifer  Whitten, Ph.D. is
currently a postdoctoral fellow at
the Center for Earth and Planetary
Studies using radar data to study the
surface geology of Venus, Mars, and
the Moon. Her work on Venus
focuses on understanding  the
distribution of impact ejecta using
synthetic aperture radar (SAR) data
collected by the Magellan mission.

Laszlo Kestay, Ph.D. is a planetary
volcanologist working for the US
Geological Survey's Astrogeology
Science Center. His last name was
formerly Keszthelyi and this spelling
is still used for his publications. He
has worked for the USGS since 1991
but was only hired in 2003. He is member of the NASA
MRO HiRISE and ESA ExoMars CaSSIS science teams.




Junichi Haruyama, Ph.D. is a
senior research at JAXA/ISAS and
the leader of the terrain camera
team of the Kaguya mission. He is
also an assistant professor of at the
department  of  Space  and
Astronautical ~ Science at  the
Sokendai University

Robert Wagner is a research
specialist working at the Lunar
Reconnaissance Orbiter Camera

Science  Operations Center at
Arizona  State  University. He
specializes  in  orbital image

processing and analysis, and has
been finding and studying lunar pits
since 2010.

Paul Hayne, Ph.D. is an assistant
professor of astrophysical and
planetary sciences at the Univeristy
of Colorado, Boulder. His research
Jocuses on terrestrial planets and
moons. He is particularly interested

in polar ice caps and their
interactions with planetary
atmospheres. For example, the

polar deposits of Mars record striking climate changes
driven by seasonal cycles, orbital variations, and long-
term atmospheric loss. Volatiles also appear in seemingly
unlikely places (Mercury, Moon, and the Asteroid Belt)
and in dramatic fashion, they reveal ongoing activity on
moons of the outer Solar System (Europa, Enceladus, and
Titan). To study these planetary bodies, he develops
physical models and uses observations from ground-based
and spacecraft-based instruments. He is also an active
member of several NASA planetary missions.

Tyler Horvath is a senior
£ undergraduate  student  studying

‘54@  Astronomy at the University of

’;’.‘% ;-i Colorado, Boulder and works as a
"y
~

Ga' A research assistant alongside Dr.

i Paul Hayne at the Laboratory for
Atmospheric and Space Physics. He
is interested in understanding the composition, structure,
and properties of planetary surfaces with the goal to
support human and robotic exploration, find ideal targets
for in-situ resource utilization, and to better understand
surface processes and evolution. His research focuses on
creating thermophysical models and analyzing thermal
data for lunar pits and caves, but he also assists with the
research of Mars’ polar deposits and cratering processes
on Europa.

22

James W. Head III, Ph.D. is the

Louis and Elizabeth  Scherck
Distinguished Professor of
Geological ~ Sciences in  the
Department of Earth,

Environmental, and  Planetary
Sciences at Brown University. Dr.
Head earned a B.S. from
Washington and Lee U. in 1964 and his Ph.D. from Brown
University in 1969. His research centers on the study of
geological processes that form and modify the surfaces,
crusts and lithospheres of planets, how these processes
vary with time, and how such processes interact to produce
the historical geological record preserved on the planets.
Research on volcanism, tectonism and glaciation has
involved field studies on active volcanoes in Hawaii and at
Mt. St. Helens, on volcanic deposits on the seafloor with
three deep-sea submersible dives, and during five field
seasons in the Antarctic Dry Valleys, and one in the Arctic.
He was recently named Foreign Member of the Russian
Academy of Sciences, Distinguished Advisor, Macau
University of Science and Technology;, Guest Faculty
Member, China University of Geosciences and has been
awarded the Shoemaker Distinguished Lunar Scientist
Medal, NASA Solar System Exploration Research Virtual
Institute.

Joshua B. Hopkins is a
Proposal Manager in the Deep
Space Exploration Advanced
Program Development group at
Lockheed  Martin Space,
responsible ~ for  developing
concepts and writing proposals
for science-driven  planetary
" missions to explore worlds
across the Solar System. He started his career as a
trajectory designer working on commercial launch
services, and later was LM’s Space Exploration
Architect, planning future astronaut exploration
missions.

John Ricks is a spacecraft
systems engineer for Lockheed
Martin -~ with 15 years of
experience working robotic solar
system exploration missions. John
received his B.S. and M.S. in
Mechanical Engineering and his
M.B.A. all from Brigham Young
University.



Emily Boster is a systems
engineer for Lockheed Martin
Space in Denver, Colorado. She is
the mechanical configuration
lead for Deep Space Exploration
Advanced Program Development.
She joined Lockheed Martin in
2013 as a mechanical designer
for the InSight Mars lander,
supporting aeroshell thermal protection system design
and robotic arm and camera integration and testing.




